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Positron-lifetime spectroscopy has been used to investigate the electric-field distribution occurring at the
Au–semi-insulating GaAs interface. Positrons implanted from a 22Na source and drifted back to the interface
are detected through their characteristic lifetime at interface traps. The relative intensity of this fraction of
interface-trapped positrons reveals that the field strength in the depletion region saturates at applied biases
above 50 V, an observation that cannot be reconciled with a simple depletion approximation model. The data,
are, however, shown to be fully consistent with recent direct electric-field measurements and the theoretical
model proposed by McGregor et al. @J. Appl. Phys. 75, 7910 ~1994!# of an enhanced EL21 electron-capture
cross section above a critical electric field that causes a dramatic reduction of the depletion region’s net charge
density. Two theoretically derived electric field profiles, together with an experimentally based profile, are used
to estimate a positron mobility of ;95635 cm2 V21 s21 under the saturation field. This value is higher than
previous experiments would suggest, and reasons for this effect are discussed. @S0163-1829~99!05008-0#I. INTRODUCTION
Positron annihilation spectroscopy ~PAS! has been widely
used in semiconductor studies because of its sensitivity to
open volume defects.1,2 When PAS studies are made of lay-
ered structures, such as semiconductor junctions, a variable
energy positron beam is normally used to probe different
depths and the annihilation quanta from the different layers
relay information on defect structures in the layers.1 In order
to perform a correct analysis, however, not only must the
electric field present in the semiconductor be known, but
some knowledge of the dynamics of the thermalized positron
motion, expressed usually through the positron mobility, is
also required. For the case of GaAs, diverse values of posi-
tron mobility, ranging from 32.5 to 880 cm22 V21 s21, have
been reported in the literature, and it has been suggested that
the origin of this spread arises largely from uncertainties in
band bending close to the semiconductor substrate surface.3
In addition to this, it is also to be expected that variations in
positron shallow trapping at negatively charged acceptor-
type defects will be partially effective at room temperature,
and cause some lowering of the mobility value.4
The depletion approximation, in which the electric field at
a metal-semiconductor junction drops linearly with distance,
is the common assumption that has often been used in the
past to model the built-in electric field in most previous pos-
itron works on metal-semiconductor junctions.5–10 Positron
diffusion in semi-insulating GaAs has previously been inves-
tigated by monitoring the fraction of positron drifted back
to the metal-GaAs interface under the application of an elec-
tric bias.10 The data, analyzed with the assumption of the
depletion approximation, gave a positron mobility of 70
610 cm2 V21 s21 at 300 K. However, some nonpositron
works have recently revealed the failure of the depletion ap-
proximation in Au–semi-insulating ~SI! GaAs system,11–13
which report a lower than expected electric field and a morePRB 590163-1829/99/59~8!/5751~8!/$15.00extended depletion region as compared to those predicted
within the depletion approximation. McGregor et al.11 attrib-
uted this observation to an enhancement of the electron-
capture cross section for the EL21 center at electric fields
above some critical value. Such an enhancement implies that
a significant fraction of the EL21 will be neutralized within
the depletion region. In support of this view, a recent DBAR
~Doppler broadening of annihilation radiation! experiment
on Au/GaAs and Ni/GaAs structures employing monoener-
getic positrons at different applied biases has revealed data
supporting this model of incomplete ionization within the
depletion region.3
In the present study, we investigate the electric field of the
Au–SI GaAs system with the use of PAL ~positron annihi-
lation lifetime! spectroscopy using a broad energy distribu-
tion of positrons from a radioactive source. Positrons are
implanted into the sample from a 22Na source, so that posi-
trons were implanted up to a mean depth of about 50 mm,
which is of similar dimension to the width of the field region
under investigation. Different reverse biases are applied to
the Au–SI GaAs structures so as to drift the implanted pos-
itrons back to the contact, and the intensity of the interfacial
lifetime component is used to monitor the electric-field
strength in the depletion region. A major objective has been
to test various possible electric-field profiles, and the posi-
tron motion within them. In the first instance we test the
standard depletion approximation model, and show it to give
a poor description of our measurements. Then we turn to the
model proposed by McGregor et al.,11 and find it capable of
giving a good prediction of the interfacial component’s in-
tensity over the whole bias range. Finally, we model the
positron drift according to a parametrization of the recent
experimental electric-field profile data of Castaldini et al.13
While the results are reasonable at high bias, experiment
differs noticeably from theory in the midrange of applied
biases, indicating the need for further investigations.5751 ©1999 The American Physical Society
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The semiconductor substrate used in this study was
liquid-encapsulated Cholchralski-grown ~SI! GaAs~100!
single crystal obtained from Atramet Inc.. The thickness and
resistivity of the substrate were 0.5 mm and 1.81
3108 V cm, respectively. The substrate was cut into smaller
pieces having a size of 131 cm2, which were then subject to
the same degreasing and etching procedures as used
previously.3,8,14 A Au disc with a diameter of 8 mm was
electron beam evaporated onto both sides of the substrate at
a pressure of 1026 mbar. No subsequent annealing of the
contacts was performed. The radioactive source used for the
PAL spectrometry was a 30-m Ci 22NaCl encapsulated by
kapton foil. This source was sandwiched between the two
sample pieces in a conventional manner, and electrical bias
was applied to both sample pieces, and the two inner metal
contacts that were exposed to the positrons were earthed. The
outer two contacts were connected to a positive bias so as to
set up an electric field in the sense required to drift positrons
back to the internal pair of contacts.6,8,14 PAL spectra were
collected for applied biases ranging from 2100 V up to
1240 V, with a conventional fast-fast PAL spectrometer
having a resolution of about 230 ps.8 A total of 43106 co-
incident events was collected in each spectrum and then ana-
lyzed with POSITRONFIT software,15 correction being made
for annihilations taking place in the kapton source foils.
III. RESULTS AND ANALYSIS
A. Spectral analysis
It was found that after background and source foil sub-
tractions all of the spectra could be well represented by a
three-exponential component fit, i.e.,
n~ t !5(
i
NIi
t i
expS 2 tt iD , ~1!
N being the total number of spectrum counts, and t i and I i
being the respective decay rate and intensity of the ith com-
ponent. A long ;1000-ps component of ;0.04% intensity
was found to exist in all the spectra. Following Ref. 16, this
component was attributed to annihilations from the surface
or the spaces in the sample-source sandwich assembly, and
its lifetime and intensity were thus fixed for fitting all spectra
so as to decrease any perturbation on the remaining free pa-
rameters.
The free fit results of the parameters I2 , t2 , and t1 are
shown in Fig. 1, plotted against the sample bias. It is seen
that I2 increases from 2% to 12% as the bias increases from
0 to 80 V, after which it saturates. At negative and zero
biases, I2 remains nearly constant at ;2%. In the positive-
bias region, the increase of I2 is accompanied by a decrease
in t1 , whereas in other regions where I2 is constant t1 is
also approximately constant. This behavior of I2 and t1 has
been reported by others,17 and strongly suggests a defect
trapping process at the metal-GaAs interface that increases as
the applied bias is increased due to positron drift.6,8,16,17
In Fig. 1, although t2 is observed to scatter about 400 ps,
there is clear evidence of an inverse correlation with I2
caused by limited spectral information in the data fittingprocedure.8 Since the one-defect trapping model18 would
suggest a constant t2 , limited just by the free volume of the
positron trapping sites, and the data can easily admit a con-
stant t2 , the procedure adopted in this study was that of
fixing t2 so as to gain maximal information on the variation
of I2 by removing the undesirable correlation between I2 and
t2 .
8 A t2 value of 417 ps was obtained by taking an average
value of this parameter in the high-bias region. This value is
close to that observed in other works ~403 ps in Ref. 8, 410
ps in Ref. 16, and 464 ps in Ref. 17!, and its magnitude
indicates trapping into some open volume defect site of
;5-Å radius,19 which may loosely be referred to as interface
voids.
The fitted results of I2 , as obtained with t2 fixed, plotted
as a function of the applied bias, are shown in Fig. 2. I2 is
nearly constant at about 4% as the sample is in zero or nega-
tive bias, while it increases from 4% to about 13% as the bias
is increased from 0 to 70 V, and then saturated at ;13% as
the bias is further increased. The majority of the rise in I2
has occurred by ;50 V. A similar saturation in I2 has also
been observed in Refs. 8 and 17, although with different
saturation voltages ~150 and 15 V, respectively!. It is noted
that I2 is not equal to zero under negative and zero biases a
fact attributed to the natural built in field at the metal-
semiconductor junction.8
B. Positron drift under the depletion approximation
In undoped SI GaAs, the EL2 deep donor that compen-
sates for all residual shallow acceptors, thus rendering the
material semi-insulating, is close to the midgap position, and
its typical concentration is about 1016 cm23. The shallow ac-
ceptors ~such as the C impurity! that exist at lower concen-
trations (;1015 cm23) are thus essentially fully ionized, and
the Fermi level is pinned close to the midgap ~EC2EF
FIG. 1. Fitted values I2 , t2 , and t1 as a function of the applied
bias. All the parameters are treated as free parameters in the fitting
process. A noticeable fitting correlation is seen between I2 and t2 .
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electric potential w are determined at some depth x into a
planar sample by the Poisson equation20
d2w
dx2
5
dj
dx 5
e
«r«0
@NDD
1 ~x !2NA
2~x !2n~x !1p~x !# , ~2!
where NDD
1 and NA
2 are the concentrations of ionized deep
donor and shallow acceptor, respectively.
Under the normally employed depletion approximation, it
is assumed that all the deep donors ~i.e., EL2 in this case! in
the depletion region are fully ionized, because they lie well
above the bulk Fermi-level position. Thus an abrupt posi-
tively charged depletion region of width W, having a charge
density equal to (NDD2NA), is formed and charge neutrality
is maintained outside the depletion region. The solution of
the electric field derives simply from Eq. ~2! as20
j~x !5
e~NDD2NA!
«r«0
~W2x !, ~3!
the depletion width being given by
W5S 2«r«0~fbi1V2IRb!
e~NDD2NA!
D 1/2, ~4!
fbi being the built-in contact potential, V the applied exter-
nal bias, I the current passing through the sample, and Rb the
resistance of sample bulk.
In its simplest form the problem of determining the frac-
tion of positrons that can drift against the competing annihi-
FIG. 2. ~a! @V2IRb1fb# as a function of the reverse bias,
where Rb51.83107 V , fb50.8 eV, and I is the measured current
for each applied bias. ~b! Fitted values I2 as a function of the ap-
plied bias. The data points in the figure are obtained from the fitting
of the spectrum by fixing t25417 ps, so as to eliminate the corre-
lation between I2 and t2 . The modeled curves were obtained by the
depletion approximation model and various values of a and m1
indicated. The modeled curves cannot simulate the saturation of the
I2 data.lation process to an interface is given by the solution of the
drift-diffusion annihilation equation
]n
]t
5~nv!2ln , ~5!
in which the diffusion term has been omitted for simplicity,
and because in the present case of determining I2 we choose
to work in the regime where drift exceeds diffusion. In Eq.
~5!, n(x ,t), v(x), and l are the positron density, drift veloc-
ity, and annihilation rate, respectively. This drift-annihilation
equation must be solved subject to the time zero boundary
condition, which for positrons emitted from the radioactive
source is the close to exponential distribution21,22
n~x ,0!5Na exp~2ax !, ~6!
the constant a being known as the positron absorption coef-
ficient.
The exact solution of Eq. ~5! for a linearly varying elec-
tric field such as given in Eq. ~2! is not one that lends itself
to an easy analytical result. Thus in modeling it, it is normal
to make the approximation of a constant electric field j I as
given by the average value of j(x) in this region:
j I5
1
2
eNDD
«0«r
W5S eNDD~fbi1V2IRb!2«0«r D
1/2
, ~7!
and in the constant electric field bulk region one simply has
j II5IRb /~d2W !. ~8!
These electric fields are then considered to produce positron
drift velocities v I5v(j I) and v II5v(j II) in the regions I and
II, as given by the Schockley expression23
v~j!5&m1j
1
A11A11~8p/3!~m1j/vL!2
~9!
where m1 and vL are the positron mobility and the longitu-
dinal sound velocity in GaAs. Spatial integration of Eq. ~5!
subject to the initial condition ~6! now yields n I and n II , the
numbers of positrons in regions I and II, respectively, and to
this may be added the number in the interface state n2 :8
dn II~ t !
dt 52lbn II2Nav II exp@2a~W1v IIt !#exp~2lbt !,
dn I~ t !
dt 52lbn I1Nav II exp@2a~W1v IIt !#exp~2lbt !
2N exp~2lbt ! f ~ t !,
dn2~ t !
dt 52l2n21N exp~2lbt ! f ~ t !, ~10!
where
f ~ t !5a exp~2av It ! ~ t,W/v I!
5av II exp$2a@v IIt1~12v II /v I!W#% ~ t>W/v I!.
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sity of the spectral component that decays as exp(2l2t) can
be found as8
I25
av I
av I1lb2l2
S 12 ~lb2l2!~12v II /v I!av II1lb2l2
3exp@2aW~11lb /av I!# D . ~11!
In order to compare the model with experiment, the fol-
lowing parameters and constants were taken: Based on the
known bulk Fermi-level position EC2EF50.6 eV and the
Schottky barrier height of fb;0.8 eV for Au on GaAs, fbi
was taken as 0.3 eV.8 The net charge density NDD2NA was
taken as @EL2#2@C#51.431016 cm23 given by the specifi-
cations of the manufacturer, «r was taken as 13.2, and vL in
Eq. ~9! as 4.83105 cm s21.8 The potential drop V2IRb
across the contact as a function as a function of the applied
bias V is shown in Fig. 2~a!, and was calculated from mea-
sured current and taking Rb51.83107 V . Regarding the
positron absorption coefficient there is some disagreement on
the correct value for GaAs. Using the formulation of
Mourino, Lo¨bl, and Paulin,21 who give a52.8rZ0.15E¯ 21.19,
where r is the density, Z is the atomic atom, and E¯ is the
mean b1 energy, one obtains a5(45 mm)21. On the other
hand, employing the equation of Brandt and Paulin22 a
516rEm
21.43
, where Em is the maximum b1 energy, one
obtains a5(50 mm)21. To complicate matters further,
Schrader24 pointed out that the exponential form of Eq. ~6! is
strictly only valid for a collimated radioactive source and for
an isotropically emitting source, a directional averaging
should be carried out which reduces the effective value of a
close to the contact. This view has to some extent found
support from the work of Hansen, Linderoth, and Peterson,25
who, investigating the implantation profile experimentally,
found that there was a superexponential fall at implantation
distances less than 5.7 mg cm22 ~;10 mm in GaAs!. Taking
these effects into account, Shan et al.8 suggested an appro-
priate effective value of the implantation coefficient at the
near-GaAs surface aeff to be in the range ;~36 mm!21 to ~39
mm!21. It is thus in the present work that we take these two
values as extremes in testing the model.
A comparison of the above model with experiment is
shown in Fig. 2~b!. In these plots two extreme values of 30
and 141 cm2 V21 s21 have been taken for the positron mobil-
ity so as to cover all reasonable values. It is observed that
none of the modeled curves can give a good fitting to the
experimental data. The reason is not difficult to find. Within
the depletion approximation model, the depletion width in-
creases from 0.25 to 4.6 mm, and the average electric field in
the depletion region ~i.e., j I! increases from 24 to 442
kV cm21, respectively, as the applied bias is increased from
0 to 240 V. As positrons are implanted into GaAs to a mean
depth 36–50 mm, the increase in depletion width increases
the fraction of positrons implanted into the high-field drift
depletion region. Indeed it is noted from Eq. ~11! that in the
first approximation I2 goes as aW , i.e., in a ;V1/2 depen-
dence. The increase of I2 with the positron mobility ~driftvelocity! produced by the increase in the electric field is less
marked, being a second-order effect. It thus follows that the
depletion model cannot predict a saturated I2 behavior for
biases above ;50 V.
The same conclusions regarding the inappropriateness of
the depletion approximation relate to the equivalent DBAR
data taken on the identical Au–SI GaAs system under ap-
plied bias.14 It was noted that the line-shape parameter S
decreased from about 0.5301 to 0.5281 as the applied bias
increased from 0 to 50 V, and then saturated at 0.5281 for
higher applied biases. As with the present PAL study it was
found that the depletion approximation model failed to de-
scribe the high bias saturation of the S parameter.
In conclusion then, both the present PAL measurements
and the DBAR measurements in Ref. 14 indicate that the
intensity of the annihilation events coming from interfacial
open volume sites increases first with increasing applied
bias, but then this intensity saturates at biases above 50 V.
Since the dominant factor effecting the interfacial component
intensity is the width of the high-field depletion region, the
indication is that some limit on this width ~or to a lesser
extent the electric field within the width! is somehow occur-
ring above biases ;50 V. Such a limitation is not consistent
with the expectation of the model involving the depletion
approximation as described above.
C. Positron drift model with a saturating electric field
As mentioned in Sec. III B, the most likely cause of the
observed I2 saturation at biases above ;40 V is that the real
depletion zone width W is larger than predicted on the deple-
tion approximation model. @By inference, the electric field
would also have to be less since the integration of j(x) over
the depletion zone must always equate with the applied bias.#
A few years ago McGregor et al.11 performed a set of a
particle pulse height measurement experiments on Schottky-
contacted GaAs radiation detectors and the results were also
surprising in that they did not match with the depletion
model based on a fully ionized EL2 donor. Indeed these
workers found that the electric-field ~depletion! zone ex-
tended at a much faster rate into the substrate ~typically ;1
mm per V of applied bias!. The discrepancy was explained in
terms of an enhancement of the electron-capture cross sec-
tion of the EL2 center as the electric field reached a critical
value ;10 kV cm21. The dramatic increase in electron-
capture cross section was seen as preventing significantly
higher fields from existing in the sample since any ionized
EL2 centers would tend to neutralize quickly at higher
fields.11 Berwick et al.,12 and more recently Castaldini
et al.,13 measured the electric-field profile of a semi-
insulating GaAs radiation detector directly using the scan-
ning surface potential technique. Their data clearly showed
that the electric field at the metal–SI GaAs junction does not
drop in the linear manner predicted by the depletion approxi-
mation, but indeed saturated at ;10 kV cm21, and remained
approximately constant at this value until after some depth
the field dropped to zero. Based on these observations Hu
et al.3 measured effective positron diffusion lengths in biased
Au–SI GaAs and Ni–Si GaAs systems using depth scanning
DBAR spectroscopy. Once again the data indicated a satu-
PRB 59 5755ELECTRIC-FIELD DISTRIBUTION IN Au-SEMI- . . .rating electric field, the magnitude and width of which were
consistent with the work of McGregor et al.11 and Berwick
et al.12
Modeling the enhancement of the electron-capture cross
section at high field in the manner proposed by McGregor
et al.,11 and as slightly modified by Hu et al.,3 the ionized
EL2 donor concentration is written in the form:
NDD
1 2NA
25
NDD2NA
H 112 expFEF2EDD1qwkT G J H 11S jjcD
gJ
~12!
where jC is the critical field for the neutralization of the
ionized EL2, and g ~McGregor et al.’s a! is a constant char-
acterizing how fast the neutralization occurs with the increas-
ing field. The first factor in the denominator of Eq. ~12! just
expresses the thermal ionization of the EL2 level based upon
Fermi-Dirac statistics, while the second in a somewhat ad
hoc fashion expresses the sharp onset of EL21 neutralization
for electric field j exceeding the cross-section enhancement
threshold at jC . Determination of the electric-field profile
with Eq. ~12! is not simple because the form cannot be di-
rectly integrated since NDD
1 2NA
2 is a functional of both the
electric field j and the electrostatic potential w. It is noted,
however, that the first term in the denominator will only vary
for low values of j and w and that for a semi-insulator ~i.e.,
where n and p are much less than the concentration of deep
donors or acceptors! the relation between the electrostatic
potential w and the electric field j is known to be26
j5F2kTNDD«r«0 G
1/2H lnFexp~2qw/kT !1 f DD11 f DD G2 NANDD qwkT J
1/2
~13!
where f DD5gDD exp@(EF2EDD)/kT# , gDD being the degen-
eracy factor of the deep donor. Equation ~13! of course as-
sumes a field-independent electron-capture cross section, but
such an assumption seems reasonable in the free-carrier tail
region described by this equation. Armed with Eq. ~13!, the
electrostatic potential w can be found for any j, thus effec-
tively making NDD
1 2NA
2 a function only of j. Numerical
integration of Eq. ~12! now gives the electric field profile
j(x) as follows:
«r«0
q Ej~x !
jmax dj
@NDD
1 2NA
2#
5x , ~14!
where jmax , the maximum field at x50, is given by
«r«0
q E0
jmax jdj
@NDD
1 2NA
2#
5V1fbi2IRb . ~15!
Electric-field profiles predicted by the above model at a
variety of different biases are shown in Fig. 3~a!, where we
have put jC510 kV cm21, g510, NDD5@EL2#51.5
31016 cm23, and NA5@C#5131015 cm23. The profiles are
almost identical to those obtained by McGregor et al.11 Theimportant point is that the decrease in electric field with
depth is very different from the linear drop predicted within
the depletion approximation. The electric field remains fairly
constant up to a certain depth, and then drops abruptly. For
example, a bias of 240 V now produces a depletion width of
;90 mm as compared to that of 5 mm under the depletion
approximation.
From Fig. 3~a!, it is noted that the electric-field distribu-
tion can be divided into two regions, namely, a high-field
region and a low-field bulk region, the latter occurring at
depths beyond the abrupt boundary of the depletion region.
Thus, in order to perform a fitting for the I2 data, the same
model used in the depletion approximation can be used, only
with a slight modification. That is, the positrons in the high-
field region I and low-field region II are drifted by the elec-
tric fields j I and j II , respectively. The value of W is taken as
the position of the abrupt fall in electric field, while j I is
taken as the mean of j(x) in the range x50 to W. Positron
velocities in the two regions are again described by Eq. ~9!,
and the fitted I2 curve obtained using Eq. ~11!, setting the
implantation coefficient a5(47.5 mm)21. The best-fitted
curve is obtained as the positron mobility m15100
610 cm2 V21 s21, which is within the range of the previ-
FIG. 3. Electric-field distribution j(x) used in modeling the
positron interface intensity I2 . ~a! Model of Ref. 1 with @NDD
2NA#eff51.431016 cm23, jC510 kV cm21, and g510. ~b! Model
of Ref. 1 with @NDD2NA#eff51.431013 cm23, jC510 kV cm21,
and g510. ~c! The linear parametrization of experimental data of
Ref. 13.
5756 PRB 59LING, SHEK, HUANG, FUNG, AND BELINGously reported values.3 The fitted curve is shown as the ‘‘dot-
dashed’’ line in Fig. 4 and is found to increase from about
3% at zero bias to about 13% as the bias is equal to 30 V. I2
is then found to saturate at about 12% at higher biases. The
saturation of the measured I2 value at V.50 V can be well
represented by the fitted curve although it gives a poorer fit
to the data in the rising region ~i.e., V,50 V!.
Although the electric-field model obtained by putting
NDD51.531016 cm23 and NA5131016 cm23 can explain
the saturation of I2 data in the large applied bias region, the
appearance of the electric-field distribution profile does not
match well with experiment. Berwick et al.12 used the
optical-absorption and scanning surface potential techniques
to investigate the electric-field distribution in a semi-
insulating GaAs radiation detector. Results obtained from
both techniques were self-consistent, and also showed a re-
gion of nearly constant electric field for x,100 mm ~see Fig.
2 in Ref. 12!. Very similar results were obtained more re-
cently by Castaldini et al.,13 that confirm the measurements
of Ref. 12. These results clearly show an approximately uni-
form electric field within the depletion region, but reveal one
important difference, namely, that at the depletion width the
fall to zero field is not abrupt. The data of Ref. 12 indicate a
falloff distance of about 70 mm, whereas those of Ref. 13
suggest that the falloff distance is quite narrow ~;14 mm! at
low bias, extending in a linear fashion to about 30 mm at
higher biases. These falloff distances show that the net
charge concentration, which we refer to as (NDD
2NA)effective , is ;231013 cm23,13 which is much lower
than the value (1.431016 cm23) expected if all the EL2 cen-
ters were ionized. It is also of interest, that in the recent
FIG. 4. I2 data as a function of the applied bias shown with
the saturated electric-field model fitted curves. The dot-dashed line
is obtained from the electric-field profile shown in Fig. 3~a!,
i.e., @NDD2NA#eff51.431016 cm23 and m15100 cm2 V21 s21.
The solid line is obtained from the electric-field profile shown
in Fig. 3~b!, i.e., @NDD2NA#eff51.431013 cm23, and m1
5160 cm2 V21 s21. The dotted line is obtained from the electric-
field profile of Fig. 3~c! with @NDD2NA#eff52.331013 cm23 and
m15185 cm2 V21 s21. In all fits the implantation parameter has
been taken as a5(47.5 mm)21. Increasing a to ~36 mm!21 causes
an equally good fitting, but with m1 scaled in inverse proportion.positron beam study on the metal–SI GaAs system, theory
could only give a good fit to the data if a (NDD2NA)effective
value of ;1.431014 cm23 was taken. If the reasons for the
quasineutral depletion region lies in some enhanced electron
capture rate at high fields, we can speculate that the reason
for the much lower degree of ionization observed at the edge
of the depletion region finds its origin similarly. Johnson
pointed out that the well-known transferred electron effect in
GaAs would be expected to be operational at much lower
fields ~having a threshold field of 3.2 kV cm21 for GaAs! and
that this could possibly have the effect of increasing the
electron-capture cross section if L-band capture was faster.
On the basis of the above observations, we tried another
trial of fit to the present I2 data by putting (NDD
2NA)effective51.431013 cm23.3,13 The electric-field distribu-
tion generated from these parameters using the above model
is shown in Fig. 3~b!, and is in general agreement with the
experimentally determined fields.13 The much slower falloff
in the field than predicted by Ref. 11 @Fig. 3~a!# is apparent.
The best fitted curve, taking the positron implantation coef-
ficient a5(47.5 mm)21, is obtained with m1
5165 cm2 V21 s21 and is shown as the solid line in Fig. 4. It
is noted that he fitted curve gives a more reasonable agree-
ment with the data at lower fields as well as still describing
the high-bias saturation region well.
A final study we have carried out is to form a simple
parametrization of the experimental electric field profile data
of Castaldini et al.13 These authors wrote the depletion depth
~defined by the 50% falloff in electric field! as
W5W01kV , ~16!
where W0524 mm and k50.7 mm V21. This allows us to
write the plateau electric field that exists from x50 to x
5W2d/2, d being the width of the electric field falloff re-
gion, as
j5
V
W01kV
. ~17!
The falloff in field from x5W2d/2 to W1d/2 is taken as
linear as it also approximates, even at the lowest applied
voltage, 5 V, studied in Ref. 13. The electric-field profiles
are shown for comparison in Fig. 3~c!. The fit to the I2 data
as determined using these profiles is important because it
should accurately mimic the real electric-field distribution in
our samples, but, as seen from the fit of Fig. 4 ~dotted line!,
the agreement is poor. In particularly the rise of I2 in the bias
range 0–100 V is much slower than it should be, although
there is a tendency toward saturation which gives the fitted
mobility as 185 cm22 V21 s21. The reason for the disagree-
ment is not well understood at the present time, but is prob-
ably related to the superior samples of Ref. 13, which had
much lower reverse leakage currents. There are, of course,
more model parameters in the electric-field distributions
based on Eqs. ~12!–~15!, which in themselves would enable
a better fitting over the parametrization based on experiment,
which has essentially none. In spite of this uncertainty, there
are indications that the modeling of the positron electric-field
drift still demands further refinement. More specifically, Eq.
PRB 59 5757ELECTRIC-FIELD DISTRIBUTION IN Au-SEMI- . . .~11! models drift over only two regions and ignores diffu-
sion, and may therefore be too approximate.
We note that in all the above modeling, very high values
~100–185 cm2 V21 s21! are obtained for the positron mobil-
ity in GaAs. Such values are generally much higher than
found from diffusion length and Doppler shift measurements
~30–120 cm2 V21 s21!.3 Attempts to modify the electric field
or to cater for possible systematic errors in the I2 data seem
unable to account for the discrepancy. Indeed, the saturation
of I2 at ;12% coupled with the fact that the positrons are
drifting in a region of nearly uniform electric field, jsat , nec-
essarily implies a relatively high mobility. This follows be-
cause under these conditions Eq. ~11! reduces to I2
5am1jsat /(am1jsat1lb2l2), and the mobility can be es-
timated accordingly since
m15
lb2l2
ajsat
I2
12I2
. ~18!
With the electric field at the interface saturating in the range
(1.0– 1.5)3104 V cm21 and an effective mean implantation
range of 35–50 mm,8 a mobility of ;95635 cm2 V21 s21 is
deduced.
One possible explanation for a higher positron mobility is
that positron shallow trapping occurs at room temperature,
thus limiting the observed mobility,4 while under the satu-
rated electric field the cross section for shallow trapping be-
comes diminished, thus raising the observed mobility.9 An-
other similar suggestion is that there is some reduction in the
concentration of ionized defects or impurities in the deple-
tion region, thus leading to less impurity scattering. An ob-
vious example of this is in fact the EL2 defect, which takes
on a reduced level of ionization in the quasineutral depletion
region. Positron beam diffusion length experiments would
not be so sensitive to this type of phenomenon, since they
indirectly infer the mobility ~which has to be assumed
electric-field independent! from the diffusion coefficient.3 In
the same context, it must also be recognized that our present
understanding of the current transport at the metal–SI GaAs
junction is far from complete. It is known, for example, that
the reverse current through the junction is anomalously high
if considered to be purely thermionic.27 Recently Santana
and Jones suggested that since SI GaAs is a relaxation semi-
conductor, the generation current through some deep inter-
mediate level is likely operative in enhancing the reverse
current.28 The change in charge state of some such
generation-recombination center close to the interface could
be important with regard to positron motion. These ideas
also tie in with the recent work of Mazzer et al. who detected
marked lateral variations in current transport across the
metal–SI GaAs interface as if the density of interface states
was also varying laterally.29 The neglect of these strong lat-
eral variations in the electric-field modeling is another likely
source of error in the present work that must be rectified in
future studies.
IV. CONCLUSIONS
PAL spectroscopy measurements have been performed on
a Au–semi-insulating GaAs system, in which positrons im-
planted from a 22Na source have been drifted back to thepositron implanted side by an application of electric bias.
The longer lifetime component in the spectra, attributed to
positrons that have drifted to the interface, has an intensity
that increases with increasing reverse bias and which satu-
rates at about 12% for biases above 50 V. We have shown
that attempts to describe this behavior using the standard
metal-semiconductor depletion approximation fail, and can-
not explain the observed saturation. In contrast, when we use
the model of McGregor et al.,11 that features an EL21 neu-
tralization dependent on the electric field, such that above the
critical field jC;10– 15 kV cm21 a quasineutral region de-
velops behind the Schottky-like junction, then good agree-
ment with the experimental data can be achieved. In particu-
lar the saturation observed in the intensity of the interfacial
component above ;50-V reverse bias can be well explained.
In agreement with the surface profile data of Berwick et al.12
and Castaldini et al.,13 we find a better description of the
data if we do not allow the electric field to drop abruptly to
zero at the edge of the depletion region. Our data are consis-
tent with a net charge density ;(1 – 2)31013 cm23 within
the falloff region. Surprisingly, when we perform the posi-
tron drift modeling on a direct parameterization of the data
of Castaldini et al., a less than perfect fit to the data is found
in the midbias range of 30–150 V, although the high-field
saturation is as expected. The reasons for the discrepancy are
not well understood. It is possible that some of the discrep-
ancy is due to the oversimplified model describing the posi-
tron drift, but other explanations have also been forwarded
such as the neglect of the lateral variation of the electric
field.
While the present study has revealed the need for further
investigations to explain fine structure in the positron drift
experiment in the midbias range, it must not be overlooked
that we now have a good understanding of the general shape
of the interface intensity variation. It is now clearly under-
stood that, as the bias increases beyond 40–50 V, the electric
field at the positron injecting contact is saturating. At the
same time, since the depletion region expands at the rate of
;0.7 mm V21, the electric field covers the whole range of
positron implantation ~35–50 mm!. Application of further
bias can neither affect the drift velocity of the positron nor
the region of positron capture, and the interface intensity
remains constant.
An interesting finding of the present work is that with the
use of the saturated electric-field model, the positron mobil-
ity is estimated to be ;95635 cm2 V21 s21 which is higher
than other recent estimates. We have suggested that perhaps
a mobility in this range is a more accurate estimate of the
correct mobility, and that other factors such as positron shal-
low trapping and impurity scattering are operative at room
temperature and low fields which lower the value to 30–50
cm2 V21 s21. At higher saturation fields either the reduction
in the shallow trapping cross section or the number of ion-
ized scattering centers could have the observed mobility-
raising effect.
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